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Introduction
Rett syndrome (RTT) is a neurodevelopmental disorder caused by loss of function mutations in the X-linked gene encoding Methyl-CpG-binding protein-2 (MeCP2) (Amir et al., 1999) . Most RTT patients are heterozygous (HET) females and develop normally for 6 -18 months of age before the onset of cognitive, motor, and behavioral deficits, including stereotypical hand movements, loss of speech, and autistic features, as well as seizures and severe disturbances of breathing, cardiorespiratory integration, and gastrointestinal function (Hagberg et al., 1983; Chahrour and Zoghbi, 2007; Ogier and Katz, 2008) . Although males rarely present with classical RTT, hemizygous males carrying mutations in MECP2 have related but more severe symptoms, including hypotonia, movement disorders, reduced head growth, and severe respiratory disturbances that typically lead to death soon after birth (Schule et al., 2008) .
Levels of biogenic amines, including norepinephrine (NE), are lower in the brain tissue of RTT patients (Zoghbi et al., 1989) and in mouse models of the disease (Ide et al., 2005) , and NE deficiency has been associated with irregular and depressed breathing in Mecp2 mutant mice (Viemari et al., 2005) . These observations indicate a deficit in NE signaling in RTT, but the impact of MeCP2 loss on NE neuronal function has not been defined. In normal animals, NE released from locus ceruleus (LC) neurons has been shown to regulate diverse CNS functions that are disrupted in RTT, including respiratory motor output (Funk et al., 1994; Adachi et al., 2005) , seizure threshold (Bengzon et al., 1999) , and cortical synaptic plasticity (Gelinas and Nguyen, 2005; Hu et al., 2007; Seol et al., 2007) . Because LC is one of the primary sources of NE in the brain, and the exclusive source of noradrenergic input to cortex and hippocampus (Berridge and Waterhouse, 2003) , and because abnormal LC function has been postulated recently to underlie behavioral abnormalities common to autism spectrum disorders, including RTT (Mehler and Purpura, 2009) , we decided to investigate the effects of Mecp2 mutation on the functional, morphological, and neurochemical properties of LC neurons. Indeed, our results indicate that genetic loss of MeCP2 results in cell-autonomous and non-autonomous alterations in the morphological, electrophysiological, and neurochemical proper-ties of LC neurons, including reduced cell size, electrical hyperexcitability, and decreased indices of noradrenergic function.
Materials and Methods

Animals used
Three groups of animals were used in this study: (1) Mecp2 tm1.1Jae mice (Chen et al., 2001) backcrossed with C57BL/6 mice (Ͼ10 generations), (2) Mecp2 tm1.1Jae mice backcrossed with C57BL/6 mice (Ͼ10 generations) expressing the green fluorescent protein (GFP) under the control of the tyrosine hydroxylase (TH) promoter (THGFP mice) (Matsushita et al., 2002) , and (3) Mecp2 tm1.1Jae mice maintained on a mixed background (sv129, BALB/c, C57BL/6). All animal procedures were conducted in accordance with National Institutes of Health guidelines and were approved by the Animal Care and Use Committees at Brandeis University and Case Western Reserve University.
Electrophysiology
Tissue preparation. Mice [postnatal day 26 (P26) to P28] were briefly anesthetized with isoflurane and decapitated, and the brains were quickly removed and placed in ice-cold artificial CSF (ACSF). Horizontal 300 m sections containing the LC were made using a vibratome (VT1000S; Leica Microsystems) and allowed to recover at 33-35°C for 20 min, followed by incubating a minimum of 1 h at room temperature (ϳ20°C) in ACSF. The ACSF contained the following: 126 mM NaCl, 25 mM NaHCO 3 , 2.5 mM KCl, 1.2 mM NaH 2 PO 4 , 2.1 mM CaCl 2 , 1 mM MgCl 2 , and 32.6 mM dextrose, osmolality of 326 mOsm, pH 7.4, continuously bubbled with 95% O 2 /5% CO 2 .
Recordings. The slices were transferred to a submersion style recording chamber and continuously perfused with ACSF (at 32°C). Neurons were visualized using a 40ϫ water-immersion objective (numerical aperture 0.80) under transmitted light using an upright microscope (Olympus BX50 WI). The LC was identified by its translucent appearance and proximity to the fourth ventricle. The identity of LC neurons was confirmed in slices that were stained post hoc for biocytin and TH. Whole-cell current-clamp recordings were performed using glass micropipettes having a tip resistance of 4 -6 M⍀ and filled with the following internal solution: 20 mM KCl, 100 mM K-gluconate, 10 mM HEPES, 4 mM Mg-ATP, 0.3 mM Na-GTP, 10 mM Na-phosphocreatine, and 0.2% biocytin, osmolality of 300 mOsm, pH 7.35 using KOH). The liquid junction potential was calculated to be ϳ14 mV (pipette negative relative to bath) and was left uncorrected. To isolate the changes in intrinsic membrane properties from changes in synaptic inputs, we performed the recordings in synaptic blockade. AMPA, NMDA, and GABA A receptor blockers were added to the ACSF at the following concentrations (in M): 20 DNQX, 100 DL-APV, and 50 picrotoxin. Contribution of SK channels (small-conductance calcium-activated potassium channels) to neuronal excitability was isolated by bath application of apamin (100 nM). All drugs were purchased from Sigma-Aldrich. In most cases, the neurons were spontaneously active after the whole-cell current-clamp configuration was established. Neurons were hyperpolarized to a subthreshold voltage of Ϫ60 mV by injecting a small, constant, negative current, and the relationship between firing frequency and injected current (FI curve) and other repetitive firing properties were measured during 1 s current steps. Interstimulus intervals (ISI) of 20 s allowed neurons to recover from strong afterhyperpolarizations (AHP) after each spike train. Data were acquired using Multiclamp 700A amplifiers (Molecular Devices) and was low-pass filtered (Butterworth) at 21 kHz before digitizing at 10 kHz. Aliasing introduced by this high filtering frequency was measured and found to be negligible (amplitude of aliasing noise, Ͻ50 nV mean and Ͻ150 nV root mean square).
Analysis. Electrophysiological analyses were performed using customwritten software in Igor Pro 6.03A (WaveMetrics). Recordings were excluded if the series resistance (uncompensated) was Ͼ25 M⍀ (or changed by more than 20%) or the membrane resistance was Ͻ100 M⍀, or the membrane voltage was more than Ϫ57 mV or less than Ϫ63 mV after recovery from firing. Action potential voltage threshold was defined as the point at which dV/dt exceeded 10 V/s. The AHP after individual spikes was measured as the difference between membrane voltage before the spike voltage threshold and the voltage minimum after the spike.
Similarly, the poststimulus AHP (psAHP) was measured as the difference between membrane voltage before current injection and the minimum voltage in a 2 s window after the end of the stimulus. The amplitude and decay time constants for the biexponential decay of the psAHP were calculated by fitting exponentials from 100 ms after the psAHP minimum to 800 ms after the end of current stimulus and from 3 to 14.5 s after the end of the current stimulus.
Immunohistochemistry
Tissue preparation. Mice (P26 -P50) were anesthetized by intraperitoneal injection (200 mg/kg ketamine, 25 mg/kg xylazine, and 5 mg/kg acepromazine) and perfused intracardially with 4% paraformaldehyde. Brains were extracted, postfixed in 4% paraformaldehyde for 2 h, and then transferred to PBS. Sagittal sections, 50 m, were prepared on a vibratome and stored in PBS at Ϫ80°C until further use.
Immunolabeling. Free-floating sections were permeabilized and blocked for 2 h at room temperature in 0.3% Triton X-100 and 10% serum in PBS and then incubated for 15 h at 4°C in primary antibody. Primary antibodies were used at the following concentrations: mouse monoclonal anti-TH (1 g/ml; EMD Chemicals); chicken polyclonal anti-TH (1 g/ml; Aves Labs); rabbit polyclonal anti-MeCP2 (0.5 g/ml; Millipore Corporation). Secondary antibodies were used at the following concentrations: Alexa Fluor 488 goat anti-mouse IgG (4 g/ml; Invitrogen); cyanine 3-donkey anti-chicken IgG (5 g/ml; Jackson ImmunoResearch); and Alexa Fluor 568 goat anti-rabbit IgG (4 g/ml; Invitrogen). For labeling biocytin and MeCP2 in neurons in thick slices (300 m) used for electrophysiology, the Triton X-100 concentration was increased threefold, and secondary antibody incubation and wash times were doubled. Biocytin was detected with cascade blue-conjugated Neutravidin (0.5 g/ml; Invitrogen), and the concentration of MeCP2 primary antibody was doubled. TH levels in the LC and cingulate cortex were determined by densitometric analysis of brain sections immunostained for TH. For cell count experiments, sections were stained with TH and 4Ј,6-diamidino-2-phenylindole to label cell nuclei.
Soma size imaging and analysis. Slices were imaged with a laser scanning confocal microscope (Leica TCS SP2; Leica Microsystems) using a 40ϫ oil-immersion objective (numerical aperture, 1.25). Serial optical sections were taken at 1 m focal steps. For each neuron in the image stack, the optical section in which it had the maximal projection was used to trace the soma boundary in NIH ImageJ. Somas crossing the boundaries of the image were excluded. For most soma size measurements in wild-type (WT) and null mice and for all the measurements in the HET mice, the sizes were measured blind to the WT or null expression of MeCP2.
HPLC
Freshly dissected pons and cortices were quick frozen on dry ice. Tissues were homogenized in 0.1 M trichloroacetic acid containing 10 mM sodium acetate, 0.1 mM EDTA, and 10.5% methanol, pH 3.8. Samples were spun in a microcentrifuge at 10,000 ϫ g for 20 min. The supernatant was used for bioamine determination, and the pellet was saved for total protein quantification with the BCA Protein assay kit (Pierce). Bioamine levels were measured by HPLC at the Vanderbilt School of Medicine Neurochemistry Core (Nashville, TN) using an autosampler and a Decade II electrochemical detector. Data are presented as nanograms of bioamine per milligram of total protein.
All values are reported as mean Ϯ SEM. One-way and two-way ANOVAs were used to compare means of multiple levels of one or two factors, respectively and were followed by post hoc Tukey's test. Student's t test was used to analyze data when only one parameter among two groups of animals was being compared.
Results
LC neuron size is reduced in Mecp2 mutant mice
Initial observations suggested that neurons of the LC region are smaller in null mice compared with WT controls. Therefore, we compared the soma size of LC neurons in male WT and null mice using confocal imaging of TH-labeled (THGFP mice or TH immunostained) brain sections. In addition, to determine whether or not changes in cell size are attributable to cell-autonomous effects of MeCP2 loss, we included in our analysis female HET mice, which are mosaic for WT MeCP2 (HET ϩ ) and null MeCP2 (HET Ϫ ) expressing neurons. In WT female mice, all neurons were labeled by the MeCP2 antibody, whereas none of the neurons in the null male mice were labeled ( Fig. 1 A, THGFP mice with GFP in green). In the HET mice, ϳ50% of LC neurons were labeled with the MeCP2 antibody as expected, attributable to X-chromosome inactivation (ratio of HET ϩ neurons/HET Ϫ neurons, 1:1 Ϯ 0.1, n ϭ 11 mice). Furthermore, we examined animals with different genetic backgrounds (C57BL/6 vs mixed sv129, BALB/c, C57BL/6) and different ages (P26 -P50). (5) neurons from null mice versus WT mice (P26 -P28, the age used for electrophysiologic recordings; pure C57BL/6 background), and (6) HET Ϫ versus HET ϩ neurons from HET mice (P26 -P28; pure C57BL/6 background).
In all pairs, regardless of age or genetic background, Mecp2 null neurons are smaller than WT neurons (Fig. 1 B) . Soma size is not significantly different between different age groups ( p (WT: size vs age) ϭ 0.4, p (null: size vs age) ϭ 0.8; one-way ANOVA), genetic background ( p (WT: size vs background)ϭ 0.3, p (null: size vs background) ϭ 0.5) and, within WT, is not significantly different between male and female mice ( p ϭ 0.4; one-way ANOVA). The average soma sizes (pooled data including all age groups, male/female mice for WT, and pure/mixed genetic background; compared using one-way ANOVA with post hoc Tukey's test) and the corresponding cumulative size distributions are shown in Figure 1 , C and D, respectively. HET Ϫ LC neurons in HET mice are 22 Ϯ 4% smaller than HET ϩ LC neurons in the same mice (soma area: HET ϩ , 353 Ϯ 9 m 2 vs HET Ϫ , 277 Ϯ 6 m 2 ; n ϭ 11 mice; p Ͻ 0.001), just as neurons from null mice are 22 Ϯ 4% smaller than those from WT mice (soma area: WT, 332 Ϯ 6 m 2 vs null, 260 Ϯ 9 m 2 ; n ϭ 21 mice for WT, n ϭ 14 mice for nulls; p Ͻ 0.001). Moreover, HET Ϫ and HET ϩ neurons in HET mice are not significantly different in size from neurons in null ( p ϭ 0.45) and WT ( p ϭ 0.24) mice, respectively. Thus, we conclude that LC neuron size is determined by the cellular Mecp2 genotype in a cell-autonomous manner. In addition, the effects of MeCP2 loss on LC cell size are independent of age (for P26 -P50), gender, and genetic background. To rule out the possibility that our cell size measurements were influenced by potential differences in TH staining intensity (GFP or immunolabeling) among HET ϩ and HET Ϫ LC neurons, we also measured the soma sizes of LC neurons filled with biocytin (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material). The soma size of HET Ϫ neurons is reduced by 17 Ϯ 6% compared with HET ϩ neurons ( p Ͻ 0.01), comparable with the 22 Ϯ 4% decrease measured in TH-stained sections, indicating that cell size differences are not an artifact of the staining method.
Electrophysiological properties
The basic electrophysiological properties of WT LC neurons analyzed in this study are comparable with those reported previously in rat (Williams et al., 1984; Osmanović et al., 1990; Ishimatsu and Williams, 1996) and mouse (van den Pol et al., 2002) . Nearly 75% of the recorded neurons were spontaneously active (spike frequency, 0.8 Ϯ 0.1 Hz) even under conditions of synaptic blockade. The spike voltage threshold was Ϫ29.4 Ϯ 0.6 mV, and each spike was followed by a pronounced AHP of Ϫ24.4 Ϯ 0.7 mV. The membrane resistance measured at Ϫ60 mV was 430 Ϯ 30 M⍀ under conditions of synaptic blockade and, similar to previous reports, 320 Ϯ 20 M⍀ without synaptic block- In HET females, approximately half of the neurons were stained by the MeCP2 antibody in an apparently random pattern. B, Average soma sizes of null (HET Ϫ for HET mice) versus WT (HET ϩ for HET mice) neurons for different age groups and mixed genetic background. The diagonal represents the identity line along which null soma sizes are identical to WT soma sizes. In all pairs, null neurons are smaller than WT neurons. There is no significant effect of age (for P26 -P50), genetic background, or gender (within neurons from WT mice) on soma size. Average (C) and cumulative frequency distribution (D) of soma sizes (pooled data including all age groups, pure/mixed genetic background, and male/female mice for WT). In HET mice, average soma size of HET Ϫ neurons is smaller than that of HET ϩ neurons from the same animal (number of HET mice ϭ 11). The decrease is similar to the decrease in size of neurons from null mice (n ϭ 14) compared with WT mice (n ϭ 21). The size of HET Ϫ neurons from HET mice is similar to neurons from null male mice, whereas the size of HET ϩ neurons from HET mice is similar to neurons from WT mice. BG, Background. ***p Ͻ 0.001, one-way ANOVA with post hoc Tukey's test.
ade ( p Ͻ 0.01). In conditions of synaptic blockade, the resting membrane potential of LC neurons was significantly more hyperpolarized compared with that in absence of synaptic blockade (with synaptic blockade, Ϫ49 Ϯ 1 mV vs without synaptic blockade, Ϫ43.1 Ϯ 0.7 mV; p Ͻ 0.001), suggesting that ongoing synaptic activity contributes to LC depolarization.
Mecp2 null neurons are hyperexcitable
To determine the effect of Mecp2 mutation on the intrinsic excitability of LC neurons, we measured their FI curves during synaptic blockade, in isolated brain slice preparations from WT, HET, and null animals. Representative traces of repetitive firing of a WT and null neuron in response to current steps are shown in Figure 2 , A and B, respectively. The neuron from the null mouse fired at ϳ40% greater frequency than the neuron from the WT mouse in response to the same injected current. This enhanced excitability is evident over a wide range of injected currents (Fig. 2C ) and for all animals tested (number of mice: WT ϭ 6, null ϭ 4; number of neurons: WT ϭ 36, null ϭ 34). To test whether the increase in intrinsic excitability is a cell-autonomous effect of Mecp2 mutation, we also measured the FI curves of LC neurons from female HET mice (number of mice: HET ϭ 8; number of neurons: HET ϩ ϭ 29, HET Ϫ ϭ 21). The recorded neurons were subsequently stained for biocytin and immunolabeled for MeCP2 to distinguish between WT or null expression of MeCP2. We found that HET Ϫ neurons also display a hyperexcitable phenotype, as described for null neurons, whereas the excitability profile of HET ϩ neurons is similar to that of WT neurons (Fig.  2C) . The slopes of the FI curves calculated using a linear fit between I ϭ 90 and 300 pA are shown in Figure 2D There is no significant difference between the slopes for HET Ϫ and null neurons ( p ϭ 0.77) or between HET ϩ and WT neurons ( p ϭ 0.98), respectively. These data suggest that loss of MeCP2 causes a cellautonomous increase in the intrinsic excitability of LC neurons.
If membrane properties are otherwise similar, smaller neurons will respond to the same injected current with greater depolarization and greater firing frequency. To investigate the electrophysiological correlates of reduced size in MeCP2 null neurons, we compared their passive membrane properties with those of WT neurons in male and female HET mice. HET Ϫ neurons from HET female mice have a significantly lower membrane capacitance than HET ϩ neurons ( Fig. 2 E: HET ϩ , 127 Ϯ 5 pF vs HET Ϫ , 93 Ϯ 4 pF; p Ͻ 0.001), just as null neurons have a significantly lower capacitance than WT neurons (WT, 130 Ϯ 4 pF vs null, 94 Ϯ 3 pF; p Ͻ 0.001). There is no significant difference in capacitance between HET Ϫ and null neurons ( p ϭ 0.99) or between HET ϩ and WT neurons ( p ϭ 0.97), respectively. The 28 Ϯ 5% decrease in capacitance in the neurons from null mice relative to WT is not significantly different from the 22 Ϯ 4% decrease in soma area measured using TH staining. HET Ϫ neurons have a significantly lower membrane conductance (measured at Ϫ60 mV) compared with HET ϩ neurons ( Fig. 2 F: HET ϩ , 2.9 Ϯ 0.2 nS vs HET Ϫ , 2.3 Ϯ 0.2 nS; p Ͻ 0.05). The conductance of null neurons also tends to be lower than that of WT neurons (WT, 2.6 Ϯ 0.2 nS vs null, 2.27 Ϯ 0.09 nS), but this difference is not statistically significant ( p ϭ 0.2; one-way ANOVA with post hoc Tukey's test).
Similarly, increased excitability, reduced membrane conductance, and reduced capacitance is also observed in the absence of synaptic blockers, in null LC neurons compared with WT [performed on THGFP mice; percentage change: slope ϭ 60 Ϯ 10% increase ( p Ͻ 0.001), capacitance ϭ 25 Ϯ 4% decrease ( p Ͻ 0.001), conductance ϭ 21 Ϯ 9% decrease ( p ϭ 0.052); number of mice: WT ϭ 3, null ϭ 4; number of neurons: WT ϭ 16, null ϭ 17].
Assuming that the firing frequency is linearly related to membrane voltage over the linear range of the FI curve, the increase in FI slope (ϳ48%) can only partially be accounted for by the modest increase in membrane resistance (ϳ15% for null neurons and Ϫ neurons have a higher slope than HET ϩ neurons. The increase is similar to the increase in slope of neurons from null mice compared with WT mice. The slope of HET Ϫ neurons from HET mice is similar to neurons from null male mice, whereas the slope of HET ϩ neurons from HET mice is similar to neurons from WT mice. Average capacitance (E) and conductance (F) of neurons from WT, null, and HET female mice. HET Ϫ neurons from HET females have a smaller capacitance and conductance compared with HET ϩ neurons. The decrease in capacitance is similar to that seen in null mice relative to WT mice (decrease in conductance of neurons from null mice compared with that of WT mice is statistically significant by unpaired t test before including HET cells). The conductance and capacitance of HET Ϫ and HET ϩ neurons from HET mice is similar to that of neurons from null male mice and neurons from WT mice, respectively. *p Ͻ 0.05, ***p Ͻ 0.001, one-way ANOVA with post hoc Tukey's test.
26% for HET
Ϫ neurons). In fact, the firing frequency of null neurons is higher than that of WT neurons even at the same average interspike voltage (supplemental Fig. S2 , available at www. jneurosci.org as supplemental material: p Ͻ 0.01, two-way ANOVA). Thus, it is possible that currents other than those that contribute to the passive membrane conductance are altered by Mecp2 mutation.
Mecp2 null neurons have a reduced spike frequency adaptation
Neuronal excitability is dependent on the interplay between passive membrane properties and voltage-dependent conductances. LC neurons have prominent AHPs that build up during a spike train and recover slowly after a stimulus (Osmanović and Shefner, 1993) . Figure 3A shows representative repetitive firing (inset shows single action potential) at matched frequencies from WT and null mice. The neuron from the null mouse had a 21% smaller psAHP compared with that of the neuron from the WT mouse. At matched average firing frequencies, HET Ϫ neurons from HET mice have smaller psAHPs than HET ϩ neurons (Fig.  3B) ( p Ͻ 0.01) as do neurons from null mice compared with WT neurons ( p Ͻ 0.01).
In many neuronal cell types, including LC neurons, multiple distinct components of the AHP (referred to as fAHP, mAHP, and sAHP for fast, medium, and slow AHPs, respectively) can be distinguished (Osmanović et al., 1990; Velumian and Carlen, 1999; Abel et al., 2004; Villalobos et al., 2004) . Typically, fAHP and mAHP contribute to the action potential amplitude, width, and hyperpolarization after single spikes, whereas the mAHP and sAHP contribute to spike frequency adaptation (SFA) and psAHP. In LC neurons, the psAHP consists of a faster early component resembling the mAHP in other neurons and a slower late component resembling the sAHP (Osmanović et al., 1990; Osmanović and Shefner, 1993) . Accordingly, we observed two kinetically distinct components of the psAHP in our recordings corresponding to "medium" and "slow" AHPs. med is similar to that reported previously (Osmanović et al., 1990 ) and does not significantly differ between WT and null neurons (WT, 240 Ϯ 30 ms for I ϭ 180 pA and f ϭ 10.5 Ϯ 0.7 Hz vs null, 260 Ϯ 30 ms for I ϭ 120 pA and f ϭ 10.3 Ϯ 0.7 Hz; p ϭ 0.72). The amplitude of this component evoked at moderate current injections also does not differ. The decay time constant of the sAHP, slow , is more than an order of magnitude longer but is not significantly different between WT and null neurons (WT, 8.5 Ϯ 0.6 s for I ϭ 420 pA and f ϭ 26 Ϯ 1 Hz vs null, 8 Ϯ 1 s for I ϭ 300 pA and f ϭ 27 Ϯ 2 Hz; p ϭ 0.6). However, the amplitude of the sAHP (supplemental Fig. S3A , available at www.jneurosci.org as supplemental material), A slow , is significantly smaller for neurons from null mice than from WT mice (WT, Ϫ7.2 Ϯ 0.4 mV vs null, Ϫ4.5 Ϯ 0.4 mV; p Ͻ 0.001).
Because currents underlying mAHP and sAHP can regulate spike frequency adaptation (Pedarzani and Storm, 1993; Abel et al., 2004; Faber and Sah, 2005) , a reduced sAHP could, in turn, decrease SFA and therefore contribute to the increased excitability we observe in Mecp2 null LC neurons. Figure 3C shows the adaptation coefficient (second ISI/last ISI) of WT, null, and HET LC neurons as a function of instantaneous firing frequency (inverse of second ISI). For all sets of neurons, the adaptation coefficient decreased from unity (unity equals no adaptation) as instantaneous firing frequency increased. However, for frequencies above 11 Hz, the adaptation coefficient for HET Ϫ neurons is significantly higher than that of HET ϩ neurons ( p Ͻ 0.01), just as the adaptation coefficient of neurons from null neurons is higher than that for WT neurons ( p Ͻ 0.01), indicating that loss of MeCP2 leads to reduced SFA.
In LC neurons, as in several other neuron types, the mAHP is mediated by SK channels, which are selectively blocked by the antagonist apamin (Osmanović et al., 1990; Pedarzani and Stocker, 2008) . Moreover, apamin application increases the excitability and abolishes the psAHP of LC neurons. In our experiments, apamin (100 nM) completely abolishes the mAHP in WT and null neurons matched for the same baseline firing frequency (number of mice: WT ϭ 8; null ϭ 8; number of neurons: WT ϭ 29; null ϭ 32) but does not affect the sAHP (supplemental Fig.  S3A , available at www.jneurosci.org as supplemental material). However, the drug-sensitive hyperpolarization is not significantly different between WT and null mice (supplemental Fig.  S3B , available at www.jneurosci.org as supplemental material). Application of apamin also increases the excitability of both WT and null neurons (supplemental Fig. S3C , available at www. jneurosci.org as supplemental material), but the increase in firing frequency as a function of initial firing rate is not significantly different between the WT and null neurons (supplemental Fig.  S3D, available at crossing of spike threshold on either side of the peak) of neurons from null mice is significantly higher ( p Ͻ 0.01, two-way ANOVA) than that of neurons from WT mice (supplemental Fig. S3E , available at www.jneurosci.org as supplemental material) (Fig. 3A, inset) . However, application of apamin does not significantly affect the spike width of WT or null neurons. These results suggest that, although Mecp2 mutation alters currents underlying the sAHP, apamin-sensitive SK channels appear to be unaffected. The molecular identity of ion channel(s) mediating the sAHP is as yet unknown.
Null mice exhibit a pontine and forebrain noradrenergic deficit
Previous studies demonstrated that wholebrain concentrations of NE, dopamine, and serotonin are depressed in null mice after the fourth postnatal week (Ide et al., 2005) . Therefore, to begin examining whether hyperexcitability and reduced size of Mecp2 null LC neurons are associated with altered noradrenergic function, we compared expression of TH in the LC, as well as pontine NE levels in 5-week-old (P35) WT, HET, and null mice. This analysis demonstrated significant decreases of 20 Ϯ 2% in the level of TH immunoreactivity in the LC as a whole (n ϭ 5 WT and 4 null mice; p Ͻ 0.01, unpaired t test) and 19 Ϯ 2% in the cytoplasm of individual LC neurons (n ϭ 133 neurons per group; p Ͻ 0.001, unpaired t test), in null mice compared with WT controls (Fig. 4A1,A2) . Similarly, the intensity of TH staining is decreased by 21 Ϯ 2% in individual HET Ϫ cells compared with HET ϩ cells in HET mice (Fig. 4B) ( p Ͻ 0.001, unpaired t test). In addition, HET ϩ cells in the HET mice exhibit significantly lower levels of TH compared with cells in WT females (Fig. 4B ) (19 Ϯ 2% decrease in HET ϩ cells compared with WT; p Ͻ 0.001, unpaired t test), indicating that TH expression in LC neurons may be regulated by MeCP2 through both cell-autonomous and non-autonomous mechanisms. Moreover, we found that the difference in TH levels between female WT and HET Ϫ LC neurons (Fig. 4 B) (36 Ϯ 2% decrease in HET Ϫ cells compared with WT) is much greater than that between male WT and null cells (ϳ20% decrease in null cells compared with WT), suggesting that TH regulation by MeCP2 may also be influenced by gender-specific factors.
Measurements of biogenic amine content using HPLC revealed a significant reduction in the levels of NE (normalized to total protein: WT ϭ 8.26 Ϯ 0.32 ng/mg; null ϭ 7.12 Ϯ 0.36 ng/mg; n ϭ 6 mice per group; p Ͻ 0.05, unpaired t test), dihydroxyphenylacetic acid (WT ϭ 0.94 Ϯ 0.06 ng/mg; null ϭ 0.50 Ϯ 0.10 ng/mg; n ϭ 6 mice per group; p Ͻ 0.01, unpaired t test), and dopamine (WT ϭ 1.56 Ϯ 0.10 ng/mg; null ϭ 1.03 Ϯ 0.10 ng/mg; n ϭ 6 mice per group; p Ͻ 0.01, unpaired t test) in the caudal pons of null mice compared with WT controls (Fig. 5) . Although not specifically related to the LC, serotonin is also decreased in the pons of null mice (data not shown) (WT ϭ 15.94 Ϯ 0.78 ng/mg; null ϭ 11.76 Ϯ 0.36 ng/mg; n ϭ 6 mice per group; p Ͻ 0.001, unpaired t test).
To begin examining the possibility that LC defects may affect noradrenergic innervation of distal brain regions, we compared TH and NE levels in the cingulate cortex, a forebrain target of LC, in P35 WT and null mice (Fig. 4C1,C2) . In normal animals, the cingulate cortex is densely innervated by TH-positive neuronal processes, a subset of which is derived from the LC, and noradrenergic innervation of the cingulate cortex is derived entirely from the LC. Densitometric analysis of TH immunostained sec- tions demonstrated a significant 29 Ϯ 8% decrease in THpositive fiber density in the cingulate cortex of null mice compared with WT mice (n ϭ 3 mice per group; p Ͻ 0.05, unpaired t test) (Fig. 4C1,C2 ). In addition, the level of NE is significantly decreased in the cingulate cortex of null mice compared with WT controls (Fig. 5 ) (normalized to total protein, WT ϭ 3.65 Ϯ 0.12 ng/mg; null ϭ 3.08 Ϯ 0.17 ng/mg; n ϭ 6 mice per group; p Ͻ 0.05, unpaired t test). These deficits cannot be accounted for by a loss of LC neurons, because we found no difference in the number of TH-positive LC neurons between null and WT mice (WT ϭ 2128 Ϯ 72 neurons; null ϭ 2237 Ϯ 129 neurons; number of mice: WT ϭ 3, null ϭ 3; p ϭ 0.51, unpaired t test).
Discussion
Our results demonstrate that genetic loss of MeCP2 results in marked alterations in morphological, electrical, and neurochemical properties of LC neurons in mice, including decreased soma size, membrane conductance, and sAHP amplitude, as well as increased excitability. In addition, we found that the TH content of Mecp2 null LC neurons is reduced, along with pontine NE levels and noradrenergic innervation of the cingulate cortex, a forebrain target of the LC. Thus, the Mecp2 null LC phenotype is somewhat paradoxical, in that the intrinsic excitability of mutant neurons is increased, whereas noradrenergic expression and target innervation are decreased.
Mecp2 mutation results in cell-autonomous and non-autonomous changes in LC neuron properties
Because MeCP2 is expressed throughout the brain during postnatal development (Kishi and Macklis, 2004) , we examined whether the effects of Mecp2 mutation are attributable to extrinsic (network or systemic) or intrinsic (cell-autonomous) influences. To address this question in LC neurons, we asked whether their cellular phenotype reflects the genotype of individual neurons or the animal as a whole by comparing soma size, electrical properties, and TH expression, not only in WT and null mice but also in HET mice that are mosaic for HET ϩ and HET Ϫ neurons. In HET mice, neurons lacking MeCP2 are smaller than neurons that express MeCP2, and this difference is nearly identical to the difference between neurons from WT and null mice. The same is true for intrinsic neuronal excitability. Thus, the factors responsible for reduced neuronal size and hyperexcitability in mutant LC neurons appear to be cell-autonomous. It should be noted that our definition of cell-autonomous effects does not preclude mechanisms that require intercellular signaling (such as responsiveness to neurotrophic factors); however, it requires that these mechanisms be dependent on whether or not the cell expresses MeCP2. In contrast, HET ϩ neurons express less TH than WT cells, indicating both cell-autonomous and extrinsic influences on the noradrenergic phenotype of LC neurons.
Mecp2 mutation increases intrinsic excitability of LC neurons
We found previously that network excitability is decreased in the neocortex of young, early-symptomatic Mecp2 null mice with no change in intrinsic neuronal excitability (Dani et al., 2005) . Rather, this decrease reflects reduced excitatory and increased inhibitory synaptic input to cortical neurons. Changes in synaptic transmission have also been reported in hippocampus (Moretti et al., 2006; Chao et al., 2007) and brainstem (Medrihan et al., 2008) , but none of these previous studies have reported changes in intrinsic membrane properties. The present study reveals that reduced cell size and membrane conductance are associated with enhanced excitability of HET Ϫ LC neurons in HET and null animals [linear correlation coefficient (r) between slope of FI curve and inverse of capacitance: WT, 0.5 Ϯ 0.1, p (r ϭ 0) Ͻ 0.01; null, 0.3 Ϯ 0.2, p (r ϭ 0) ϭ 0.06]. The decreased conductance is attributable, at least in part, to a decrease in neuronal membrane area (smaller capacitance). Although several studies have reported reduced neuronal size and dendritic arborization in RTT patients (Belichenko et al., 1994; Armstrong et al., 1995; Bauman et al., 1995) and Mecp2 mutant mice (Chen et al., 2001; Kishi and Macklis, 2004) , we previously found only modestly reduced membrane conductance in cortical neurons from 4-to 5-weekold Mecp2 null mice (Dani et al., 2005) . We suspect that LC neurons are more severely affected by loss of MeCP2 than other populations studied thus far and that the increase in intrinsic excitability reported here reflects a more pronounced decrease in soma size.
Although we did not explicitly measure changes in synaptic inputs to LC neurons, the fact that we observed similarly increased excitability and reduced membrane capacitance and conductance without synaptic blockade suggests that changes in synaptic inputs, if present, are too subtle to significantly alter the observed hyperexcitability of Mecp2 null neurons.
We also identified a decreased sAHP and correspondingly reduced SFA as factors contributing to the hyperexcitability of Mecp2 null LC neurons. The psAHP in LC neurons seems to be composed of two components that likely correspond to the mAHP and sAHP that have been observed in other neurons (Velumian and Carlen, 1999; Abel et al., 2004; Villalobos et al., 2004) . Although the amplitude of the sAHP is significantly smaller in neurons from null mice, the amplitude of the mAHP is not different. Application of apamin caused the same increase in excitability and decrease in the faster component of the psAHP in both WT and null LC neurons, suggesting that Mecp2 mutation only affects currents underlying the sAHP but not the mAHP. The decreased sAHP could reflect alterations in the expression or modulation of the underlying potassium currents, in calcium influx, or in the accumulation or buffering of intracellular calcium.
Physiologic consequences of LC neuron dysfunction in
Mecp2 mutant mice Noradrenergic inputs from LC regulate excitability of brainstem and cortical networks. In the brainstem, for example, LC inputs to rhythmically active respiratory neurons in the preBotzinger complex stimulate inspiration by excitatory actions at ␣1 receptors (Funk et al., 1994; Adachi et al., 2005) . In addition, however, LC neurons themselves are sensitive to chemical respiratory drives, such as elevated CO 2 (Biancardi et al., 2008; Johnson et al., 2008) . Therefore, one consequence of LC neuron hyperexcitability may be destabilization of the respiratory rhythm, resulting from abnormal responses to elevated CO 2 . Indeed, respiratory instability, including periods of hyperventilation, is a hallmark of RTT (Glaze et al., 1987) , although the specific role of LC dysfunction in the breathing phenotype has not yet been examined. More generally, reduced conductance could cause the LC neurons to become more sensitive to both excitatory and inhibitory synaptic inputs. This could result in larger fluctuations in NE release and consequently disturbances in noradrenergic modulation of LC neuron targets.
Conversely, indices of noradrenergic function, including TH and NE levels, are reduced in Mecp2 null LC neurons and in at least one LC target, the cingulate cortex. Reduced monoaminergic neurotransmission has long been postulated to contribute to the etiology of RTT. Initial studies reported that levels of NE, serotonin, and their metabolites or synthesizing enzymes are decreased in postmortem brain tissues from RTT patients (Riederer et al., 1985; Brücke et al., 1987; Lekman et al., 1989; Saito et al., 2001) . Postnatal declines in NE, dopamine, and serotonin have also been noted in the brainstem of null mice (Ide et al., 2005) and have been associated with reduced numbers of TH-expressing neurons in the A1/C1 and A2/C2 cell groups (Viemari et al., 2005; Roux et al., 2007) . The present study identifies the LC as another brainstem site at which TH expression is reduced in null mice, consistent with postmortem findings in a human case of RTT (Saito et al., 2001 ). However, dysregulation of TH expression in the absence of MeCP2 is complex and appears to involve both cell-autonomous and extrinsic mechanisms. Thus, both HET ϩ and HET Ϫ cells in female HET mice express lower levels of TH protein than cells in WT females, although the HET Ϫ cells are more severely affected.
The LC is the major noradrenergic cell group in the pons and the only source of noradrenergic innervation to cingulate cortex, and we find that both areas exhibit reduced levels of NE in null mice by 5 weeks of age. Although we do not yet know whether these decreases in NE reflect reduced LC projections, reduced synthesis of NE, or both, these data indicate that pathophysiologic changes in null LC neurons are likely to affect noradrenergic signaling in both the brainstem and forebrain. Reduced brainstem NE has already been linked to respiratory dysfunction in null mice (Viemari et al., 2005) . Reduced noradrenergic signaling in the cingulate cortex (and associated prelimbic cortices) in rodents is associated with deficits in cognitive function, including impairments of learning and memory (Sparenborg and Gabriel, 1992; Collier et al., 2004; Tait et al., 2007) . NE potentiates synaptic plasticity in multiple forebrain regions, including amygdala (Tully et al., 2007) , hippocampus (Hu et al., 2007) , and neocortex (Seol et al., 2007) , raising the possibility that reduced noradrenergic innervation of cingulate cortex in null mice, described here, may also lead to cognitive dysfunction. Moreover, NE regulates excitability of cortical networks and can elevate the threshold for seizures (Bengzon et al., 1999) . Null mice, as well as RTT patients, are prone to seizures, and it is tempting to speculate that reduced cortical NE may be a contributing factor. However, the question remains how, and under what circumstances, the interplay between intrinsic hyperexcitability on the one hand and reduced expression of noradrenergic traits on the other actually influences LC function in Mecp2 mutants and, by implication, RTT patients.
Together, our results identify multiple deficits in Mecp2 null LC neurons, at least some of which are cell-autonomous consequences of the mutation. Because these neurons are a pivotal source of NE throughout the brainstem and forebrain and are involved in the regulation of diverse functions disrupted in RTT, such as respiration and cognition, we hypothesize that the LC is a critical site at which loss of MeCP2 results in CNS dysfunction. Restoration of normal LC function may therefore be of potential therapeutic value in the treatment of RTT.
